With the demonstration in recent years of transport systems for almost every compound of metabolic interest in bacteria, it now seems necessary to elucidate the chemical structures and molecular mechanisms involved in transport of metabolites through the limiting membrane. There have been many studies on the production of microbial cells and metabolites from alcohols (1, 7, 10, 15) , but there have been none on the mechanism of transport of alcohols in bacteria. Recently we found that many strains of gram-positive bacteria and yeasts which can utilize an alcohol as a carbon source formed O-alkylhomoserine (8, 11, 13) . With the exception of Pseudomonas (15) , most gramnegative bacteria cannot form this compound. Therefore, it was of interest to investigate the alcohol transport system in gram-positive bacteria, in which, compared with gram-negative bacteria, relatively little is known about transport mechanisms.
This paper reports evidence of active transport of alcohols into the cells of Corynebacterium acetophilum.
MATERIALS AND METHODS Bacteria and cultivation. A strain of C. acetophilum A51, which was isolated by Harada et al. from soil as a strain producing glutamic acid from acetic acid (9) , was used in this study. Cells were grown in shaking cultures for 20 h at 30 C in 100 ml of minimal medium plus 10 (12) . Other chemicals were of the purest grade available commercially. RESULTS Growth on alcohols. C. acetophilum was found to grow readily in a minimal medium with ethanol, n-propanol, sodium acetate, and glucose, but poorly with n-butanol and hardly at all with methanol as the sole carbon source ( Table 1 ). The degree of growth on each carbon Growth on ethanol, n-propanol, or n-butanol after the culture had been transferred from medium with glucose or acetate was invariably preceded by a long lag period, the length of which varied with the carbon source used (unpublished data). This suggested first that the transport of alcohol was inducible, and second that the relative order of induction may be a reflection of the abilities of the cells to transport the individual alcohols.
Uptake of ethanol in different media. The ability of cells to incorporate exogenous ethanol when grown on different carbon sources was determined to ascertain the induction patterns of transport. From Fig. 1 70% of the radioactivity which had accumulated in the cells was released (Fig. 1) . The intracellular concentration of ethanol was determined by thin-layer chromatography of alcohol 3, 5-dinitrobenzoate of alcohol as described in Materials and Methods. A main spot of radioactivity in the thin-layer chromatography was an ethanol derivative ( Fig. 2) and corresponded to 92 and 73% of total radioactivity taken up into the cells for 5 and 20 min, respectively. Furthermore, the major nonvolatile radioactive products observed by thinlayer chromatographic analysis were L-glutamic acid and O-ethylhomoserine, and they corresponded to about 10% and less than 1%, respectively, of the total radioactivity taken up in 60 min by cells in the presence of chloramphenicol (Fig. 3) . This shows that about 90% of the radioactivity is free of volatile material. When cells in the stationary phase were exposed to 10' M ["4C]ethanol, 20% or more of the radioactivity was taken up by the cells in 5 min. Since the cells constitute about 0.1% of the culture volume, assuming that about 90 to 70% of the intracellular ethanol is free, this would represent a ratio of the concentrations of ethanol inside and outside the cell of about 180 to 140:1. Therefore, we concluded that ethanol was transported into the cells against a concentration gradient.
Kinetics of transport of ['4C]ethanol. To determine the Km of ethanol uptake, the initial rate of uptake was measured at different concentrations of ethanol. The ethanol transport system obeys saturation kinetics: the Km values were calculated as 2.4 x 10-5 and 6.0 x 10-1 M (Fig. 4) . However, methanol did not obey saturation kinetics.
Inhibition of ethanol transport. To gain information on the nature of the transport mechanism(s), a variety of competitive and metabolic inhibitors were tested as inhibitors of alcohol transport. n-Propanol, sodium acetate, and n-butanol were strong inhibitors of ethanol transport, whereas methanol, iso-propanol, isobutanol, and tert-butanol were not found to be (Table 2) . Glucose had little inhibition on ethanol transport. The potent energy uncouplers, 2,4-dinitrophenol, potassium cyanide, and sodium azide, were effective inhibitors (Table 3) . Monoidodoacetate, a sulfhydryl reagent, was also found not to be a strong inhibitor, whereas p-chloromercuribenzoate was strikingly inhibitory. This suggests that sulfhydryl groups are involved in ethanol transport. On the contrary, neither competitive nor metabolic inhibitors inhibited methanol transport.
Further kinetic studies showed that the above substrate inhibitions were competitive rather than noncompetitive. The inhibitory effects of n-propanol and n-butanol on the transport of labeled ethanol were competitive, whereas those of methanol and sodium acetate were noncompetitive (Fig. 5) . calculated to be 6.4 x 10' and 7.2 x 10' M, respectively. From this and the induction experiments, it was concluded that two transport systems are operative for alcohols in C. acetophilum: one is an active alcohol transport system in which the relative orders of affinity are ethanol > n-propanol > n-butanol, and the other is passive diffusion. which operates for methanol. 
DISCUSSION
The evidence presented in this paper indicates that Corynebacterium acetophilum has an active transport system which is specific for normal alcohols. This transport system is required for growth with n-alcohols as the sole carbon source. The transport of methanol occurs by another system, namely, noninducible passive diffusion. Like the dicarboxylic acid transport system of Bacillus subtilis (5) , the ethanol transport system here is strongly repressed by D-glucose and is strongly induced by ethanol, n-propanol, and n-butanol. These findings suggest that all n-alcohols act as physiological inducers of the alcohol transport system. The kinetic experiments presented in Fig. 4 show two sets of Km values derived from curvilinear plots like those reported for amino acids transport in Escherichia coli (2) or Saccharomyces cerevisiae (6) . These results suggest either that ethanol is taken up through a single carrier system which alters in affinity with change in the ethanol concentration, or that there are two distinct carrier systems, one with weak and one with strong affinity for ethanol. Conclusions on this must await genetic investigations.
From the result of the nonvolatile alcohol derivative (Fig. 2) , about 90 to 70% of total radioactivity taken up into the cells for 5 to 20 min is free within the cells. Furthermore, about 70% of the [14C]ethanol accumulated by this organism in ethanol broth is rapidly exchanged with nonradioactive ethanol when cells are resuspended in fresh medium or when the ethanol concentration is raised to 10 mM at 10-min incubation times (Fig. 1) . This ethanol is either free within the cells or bound to proteins from which it can dissociate rapidly. The remaining 30% of the ethanol is not exchangeable, and about 10% was detected as L-glutamic acid even for 60 min (Fig. 3) . Since ethanol transport is a requisite for growth on n-alcohol, it would be hard to obtain the truly alcohol-free conditions. Nevertheless, cells can concentrate ethanol more than 180-fold from media containing a trace amount of ["CJethanol. When dealing with energy-dependent uptake, the question always arises of whether the requirement occurs at the level of intracellular accumulation. Results on metabolic inhibition of ethanol uptake seem to confirm the requirement for energy in this transport system. Analogues may well be toxic to various enzymes. However, ethanol uptake is not inhibited by methanol, iso-propanol, iso-butanol, or tert-IRT OF ALCOHOL 153
butanol. The effect of acetate seemed to be similar to that of n-alcohols. However, kinetic analysis showed that the inhibition was noncompetitive. This suggests that the transport of acetate occurs by another system and that inhibition by acetate might be similar to that by 2, 4-dinitrophenol, as reported for amino acids transport in B. subtilis (16) . These possibilities are currently under investigation. The uptake of methanol is quite different from that of ethanol. From induction, kinetic, and inhibition experiments, we concluded that uptake of methanol occurs by noninducible passive diffusion. Peculiarly, C. acetophilum is unable to use methanol readily as a carbon source. From the kinetic analysis described in this paper, methanol apparently enters the cells. Therefore, this organism probably lacks methanol-assimilative enzymes.
